Fermi National Accelerator Laboratory

T
L. 3

FERMILAB-Conf-90/256-E
[E-741/CDF]

Results from Hadron Colliders *

The CDF Collaboration
presented by
Lee G. Pondrom

University of Wisconsin
Madison, Wisconsin 53706

December 14, 1990

* To be published in the proceedings of the XXVth International Conference on High Energy Physics, Kent
Ridge, Singapore, August 2-8, 1990.

Jt

a2 Operated by Universities Research Association Inc. under contract with the United States Department of Energy



Fermilab-CONF-90/256-E

CDF/PUB/CDF/PUBLIC/1330

December 14, 1990

RESULTS FROM HADRON COLLIDERS

LEE G. PONDROM
University of Wisconsin
Madison, Wisconsin, USA

Abstract

The present status of hadron collider physics is reviewed. The tatal cross section for p 4+ p has heen
measured at 1.8 TeV: g = 72.1 % 3.3 mb. New data confirm the UA2 cbservation of W/Z — 3q. DPre-
cision measurements of My by UA2 and CDF give an average value My = 80.13 £ 0.30 GeV/c2. When
combined with measurements of Mz from LEP and SLC this number gives sin? 8 = 0.227 + 0.006. or
Migp = 13014.,3 GeV /c? from the EWK radiative correction term Ar. Evidence for hadron colliders as practi-
cal sources of b quarks has been strengthened. while searches for ¢ quarks have pushed the mass above My
Miap > 80 GeV/c? 95% ol (CDT Preliminary). Searches beyond the standard model based on the missing Ey
signature have not yet produced any positive results. Future prospects for the discovery of the top quark in

the range Mmiap < 200 GeV/c? look promising.

1 Low p;, Cross Sections
1.1 Totael pp cross section at 1.5 TeV

A new luminesily independent measuretment of
the pp total cross section has been reported hy the
710 group at Fermilab [1]. In the experiment the
differential vield dNy/dt for elastic scattering and
the number of inclastic events Vineias Were measured
simultancously.  Drift chambers triggered by scin-
tillation counters in moveable “Roman pots” at 25
m and 91 m from the crossing point measured the
coordinates of clastically scattered ji's, while simmilar
detectors at 23 m and 121 m measured the p's [2.
The inelastic events were recorded by rings of scin-
tillation counters at larger angles. One formula for
the total cross section is given by the extrapolation

of dN./dt to the optical point at ¢t = 0:

a _(1677(!’1\’4/(1!),20 n
T T TR L

where p o= Red f(0))/ T ({0, F{1) heing the for-
ward clastic scattering amplitude, and L the mte-
grated luminosity, pis expected to be much less than
unity, A second formula for the total cross section

comes from the total number of inelastic events:
Tior = (-\rcl + -'\'inel)/[‘ . (2)

Since Eqs. (1) and (2) have different dependence of
o 0n [, the integrated luminosity can be elimi-
nated from the total cross section expression:

( 1671‘![1\',4/'“ ‘t:l]
Tior = \ T 3 (”
(l + ,r)“)(.-‘vp_l + -’\'inﬂl.i

[lere o depends inversely on (1 + p?). The total

cross section in Eq. (1) is not as sensitive to p, de-
pending only on (1 + p7)1/2, but it involves the less
well known integrated luminosity L {3),

There is some uncertainty regarding the value of
p to be substituted into Eq. (3), since a conlomb
interference measurement at 1.8 TeV has not been
reported. The highest encrgy published value for p
was obtained at the CERN SPS at 516 GeV 1

p =021 00! 5316 GeV', i

‘

Block and Cahn [3] give a general review of the var-
ions maodels used to describe elastic scattering, [n
particular, they expressed [3. 6] the forward scatter-
ing amplitudes as analyvtic functions of s = £ -2,
with cight arbitrary parameters. Values for the pa-
rameters ave been obtained hy fitting the functions
to the fip data up to 900 GeV [6]. These fits to data
above 153 GeV when extrapolated to 1.8 TeV give a
range of possible cross sections between 75 mb and
81 mib, with p values between 0.09 and 0.11 respec-
tively. Larger cross sections are correlated in general
with larger values of p. In the absence ol experimen-
tal data, the value

p=0.113 1.3 TeV (5}

was asstimed in Ref. [1], leading to a total cross see-
tion
Gt = T2.1 £3.3 mb at 1.8 TeV, (6)
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Figure la: Measurements of the total cross section
for p + p as a function of s taken from Ref [1]. The
dashed line is the pp total cross section.
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Figure 1b: Measurements of the etastic cross section
for p+ p as a function of s taken from Ref [1].

and an elastic cross section
Celas = 16.6 £ 1.6 mb at 1.8 TeV. (n

The errors quoted in Eq. (6) are statistical. If pis
taken from Eq. (4), then oy, = 69.6 % 3.2 mb. The
total and elastic cross section points on a plot vs s
are shown in Figs. la and 1b. The slope of the elastic
cross section used for the optical point extrapolation
is shown in Fig. 2 [7].

The data are in reasonable agreement with the
extrapolations of Ref. [5], and also with the impact
picture model of Bourrely et al {8]. The p value has
to be supplied from theory. A measurement of p at
1.8 TeV would be very desirable. [t will be inter-
esting to obtain high energy pp data to compare to
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Figure 2: [Clastic slope for § + p at 1.8 TeV taken
from Ref [7]. The straight line is a fit of the form A
exp (Bt) in the range 0.034 < || < 0.63.

the pp cross section in this more nearly asympiotic
region.

1.2 Pomeron Ezchange

The Pomeron is a relic of the phenomenclogy of
Regge poles. A wide variety of small angle scattering
phenomena was explained in the 1960’s by the Regge
pole picture, in which scattering and reactions were
described in terms of the exchange of “particles”—
Regge trajectories—in the ¢t channel which had fixed
quantum numbers such as [ spin, but continuously
variable spin angular momentum {9]. The trajectory
with the quantum numbers of the vacuum was called
the Pomeron in honor of [. Ya. Pomeranchuk, who
made many contributions to the description of high
energy scattering long belore even /s = 10 GeV was
achieved in the laboratory {10}.

Pomeron exchange is thought to play a role in
small angle fp reactions through single diffraction,
double diffraction, and double Pomeron exchange.
See Figs. 3a, b, and c. These processes can be dis-
tinguished by kinematics. Thus in Fig. 3¢ the inelas-
tically produced particles are in the central region,
at rest in the collider frame, while the particles in
Figs. 3a and b are moving with the projectile, These
processes remain an active field of collider research.
In Rel. [1] the authors quote a value for the single
diffraction process of Fig. 3a based on analysis of
the single arm ring scintillator events. in which the
diffractive debris was detected, but not the unper-



(a)

Figure 3a: Single diffractive excitation by Pomeron
exchange. The decaying system has the quantum
numbers of the proton (or p).

(b)

Figure 3b: Double diffractive excitation by Pomeron
exchange.

(c)

Figure 3c: Double Pomeron exchange, leading to the
creation in the central region of states with vacuum
quantum numbers.
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Figure 4a: Invariant mass of D-P exchange events
from Ref [11]. Either the recoil p or p was detected
(closed circles}, or both were {open circles).
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Figure ib: Rapidity distribution of the detected ex-
cited state in the central region. Open and closed
circles have the same meaning as in 4a.

turbed p/7 which remained in the beam pipe. Their

result is:
ocsp = 11.7+ 2.3 mb at 1.8 TeV. (%)

Brandt ct e/ [L1] reported to this conference a mea-
surement of double Pomeron exchange (Fig. 3¢) at
the CERN SPS at 630 GeV. Isolation and study of
this reaction could lcad to information regarding ncw
objects with vacuum quantum numbers, {or instance
glue balls. Wire chambers in four Roman pot spec-
trometers were used to measure the p and p trajec-
tories, and the UA?2 detector registered the energy
flow of particles produced in the central region. The
threshold transverse momenta for the p and § trig-
gers were | GeV/c. The invariant mass and rapidity
distributions for 121 events where both the p and
were detected (open circles), and 1286 where only
one was detected (closed circles) are shown in Figs.

4a and 4b. The invariant mass was calculated from



UA? calorimeter data assuming massless particles
interacted in the calorimeter towers. The single arm
data were corrected for single diffraction contamina-
tion. The average mass observed for double pomeron
exchange was about 3 GeV. A preliminary estimate
of a cross section for this process is 30-150 pbarn.

1.3 Multiplicity, Clustering, etc.

The considerable activity at the Conference on
these subjects is covered in the review by Wroblewski
[12].

2 JETS

The majority of recent activity in jets and QCD
at hadron colliders is covered in the review by Ja-
cob [13]. This section will report on a study of the
invariant mass of di-jets in the region between 50
and 100 GeV/c? at 630 GeV. A study of this mass
region based on earlier SPS collider data has been
published {14]. The 1988-89 run with 7.4 pb™! in-
tegrated luminosity has considerably improved the
statistical power of this analysis.

Prime interest in this di-jet mass region comes not
from the QCD continuum, but rather from the signal
of gf decays of 1V and Z intermediate bosons. At 630
GeV the peaks [rom 1V — 47 and Z — ¢4 smeared
by detector resolution are 1/100 of the QCD con-
tinuum. [t is an experimental challenge to extract
a useful signal. The reward is not only a check of
the expectations of the standard model for W and
Z decavs, but also an existence proof to motivate
the construction of better jet invariant mass resolu-
tion calorimeters. Many signatures of new physics at
higher energies invoive anomalous production of W
and Z bosons. If the ¢g final states can be detected,
then a larger acceptance for bosons is achieved be-
cause of the large ¢ ¢ branching ratio, and an oth-
erwise missing constraint on the invariant mass is
obtained for }¥'s.

Figure 5 shows the observed spectrum shape. The
fit to a smooth curve has a poor chi squared, which
improves if the mass window 70 GeV < Mjetjet <
100 GeV is excluded. The background subtracted
peak is shown in Fig. 6. The expected contributions
from W's and Z’s are also shown. The total num-
ber of events in the peak is ¥ = 5618 + 1334. The
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Figure 3: Jet-jet invariant mass distribution in the
50 to 130 GeV/c® mass region [rom UA2. The fit
shown is to the QCD continuum background, with
the mass window 70 GeV/c? < my; < 100 GeV/c?
omitted.
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Figure 6: Data from Fig. 5 after subtraction of
the QCD hackground. Expected relative sizes and

shapes of tlie peaks from W — §g and Z — gq are
shown.



expected number can be calculated from the stan-
dard meodel and the observed numbers of leptonic
events W — ev and Z — ete”. Defining the ratio
. R, expected to be unity as:

R= N{W — jetjet}/T(W — jetjet) + N(Z — jetjet) /T{Z — jetjet)
- N{W — ev)fT(W — ev) + N{Z — ete=)/[(Z — ete)

=1.7 £ 0.45. (9

Equation (9) does not allow for interference effects
between gluon and W/Z jets [15]. The experimental
yield is not sensitive to these effects at the present
level of statistical accuracy.

Differences between quark and gluon jet patterns
have been reported by the AMY group [16]. The
gluon jets were broader and had lower leading par-
ticle rapidities than the quark jets. Other separa-
tion schemes based on fragmentation models have
been considered by Jones [17] and Lonnblad et ol
[18]. Since W and Z decay into quark jets. while
the QCD background is dominated by gluons, ex-
perimental enhancement of the W/Z signal could be
achieved by using such criteria, but there is no firm
evidence from hadron colliders that these procedures

are effective.

3 Electroweak Interactic_)ns

3.1 Phenomenology

There are several ways to define the parameters of
the Electroweak Theory, all of which are equivalent
in lowest order, but vary in their definitions when
higher order radiative corrections are included. The
magnitudes of these radiative corrections can be sev-
eral percent. It is a tribute to the present accuracy
of electroweak data that these corrections cannot be
ignored. The convention of Marciano and Sirin [19]
will be adopted here, in which the Weinberg angle
is defined in terms of the measured masses of the W/
and Z IVB’s:

ﬂr[ W ) 2
Mz/

The mass of the W is then related to the Fermi con-

sin?fy = 1 — ( (10)

stant Gu by the formula:

2 T 1 1
My = V2Gp sin® fw (1 — &r)’
_ A
- sinz ﬂw(l — &T‘),

(11)

(12)

where 1/a = 137.0359893(61), and Gp =
1.16637(2) x 10~* GeV~? [20]. Gu is derived from
the muon decay rate and the muon rnass after O(a)

radiative corrections [21]. The constant
A = (37.2805 £ 0.0003 GeV)?. (13)

Thus A'?, which is proportional to Afy, is known to
one part in 10°. The other precisely known quantity
is Mz {22):

Mz = 91.177 £ 0.006 £ 0.030 GeV/c?. (14)

The 30 MeV/c? systematic error (3 parts in 10%)
comes from the caiibration of the LEP ring energy,
and may decrease in the future. The electroweak
radiative correction term Ar in Eq. (12} is the link
between the physics at the muon mass and at the
W/Z mass, and may be written as the sum of sev-
eral parts. Thus

Ar = AQ—COtQGWAp-F... (15)

The purely electromagnetic contribution Aa =
0.0601 & 0.0009, while 6p depends quadratically on
the top quark mass:
Ja m, \?
dp= 4 sin®(2¢w) (Fz) ; (16)
and higher order terms include the logarithmic de-
pendence on the mass of the Higgs boson [23]. Since
neither m, nor mpyjgg is known. there is some ambi-
guity in the interpretation of Ar once it is obtained
from Mz and M. Given Ar. as muyjgg, incTeases.
so does my,, but the variation in 1, is slow because
Muiggs ONly enters through log (%;u)

The parameter sin’ 0y appears in ail neutral cur-
rent weak interactions, and has been measured hy
the (neutral current)/{charged current) ratic in neu-
trino scattering [24}:

sin? Oy = 0.233 £0.003 £ 0.005.  (17)

Working entirely with the IVD masses avoids some
ambiguity in the interpretation of the neutral cur-
rent data and makes it clear precisely which scheme
of radiative corrections is being used, so that the
Weinberg angle defined in Eq. {10) will be retained
throughout this discussion, although the results are
in good agreement with Eq. (17).
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Figure 7: Parton model diagram for p+p — W/Z +
X. A quark in the proton and an antiquark in the
antiproton annihilate to form an on-shell IVB, which
then decays into a lepton pair. The underlying event
is formed by the g¢ and §§ noninteracting quarks.
For Z production this diagram is analogous to and
interferes with the Drell-Yan mechanism.

Figure 8: Diagrams which contribute to W/Z pro-
duction with high IVB transverse momentum. These
diagrams have no analog in the simple parton model.
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Figure 9: Vector diagram in the transverse plane
showing the measured vectors p;. and pij.,, and the
inferred vectors puy = —pPhjer, and Pro = —Pre — Prjet-

The principal signatures used to detect the pro-
duction and decay of IV/Z intermediate bosons in gp
collisions are the leptonic decays W — ev, 1V =
Z — ete”, and Z — pTp~. The lowest order par-
ton model diagram is shown in Fig. 7. This diagram
is a reasonable approximation to W/Z production at
630 GeV, the energy of the CERN SPS collider, but
the increase in jet activity at the 1.8 TeV Tevatron
energy can only be explained by the higher order
diagrams shown in Fig. 8. Jets which result in p,
distributions for IV's and Z’s have no analog in the

simple parton model, and are therefore very impor-
tant tests of QCD {25].

3.2 W Mass

The most important parameter of the EWK the-
ory supplied by the hadron colliders is the mass of
the W. Single I¥'* production is possible because
the gq collision can have a net charge even though
the fip system does not. In the absence of a two body
decay mode like W* — 7 4 4 [26] or dramatic im-
provement in the jet-jet mass resolution described in
Sec. 2 above, one is forced to work with W — ev and
W — uv. The longitudinal motion of both the W
and the neutrino are unknown, and the mass recon-
struction can be done only in the transverse plane.
See Fig. 9. In this plane the transverse mass is de-



fined by:

M3 = 2peepu (1 = cos(de,)) - (18}
This is to be contrasted with the Breit-Wigner line
shape for a completely constrained mass calculation:

aw :
aM (s — M%) + (sl /Mw)?

(19)

With perfect cxperimental resolution the distribu-
tion in Mt peaks at My, and has a high mass shape
governed by Eq. (19). At lower masses there 15 a
broad shoulder due to lepton p’s less than Muw /2.
In reality, the observed shape of the high mass edge
is dominated by the resolution in the measurement
of the p; of the e or i, and on the pj. resolution,
from which the p; of the neutrino is inferred:

}5‘!:1 + ﬁ!e = ﬁtW = - A-l_jet- (20)

Fluctuations in the measurement of the cylindrically
svmmetrical energy of the underlying event can also
affect the py, resolution. The shape of the My curve
is not very sensitive to [y, although there is a slight
correlation between I' and My, such that a given
data set can be fitted to a lower mass with a broader
width. The high mass edge 1s relatively insensitive to
the longitudinal motion of the 1V, i.e., to the choice
of quark structure functions inside the p and p. In
the end, one must resort to monte carlo calculations
as a function of My and 'y to fit the experimental
distribution and extract a measurement of the IV

mass.

3.2.1 A2 Measurement

The UA2 measurement of iy was hased on anal-
ysis of 1203 ¥ <+ ey events in 7.1 pb~! integrated
luminosity at a center of mass energy of 630 GeV
at the CERN SPS fip collider [27]. These events all
had electrons in the central calorimeter iducial vol-
ame, |5 < 1.0. The showers were well contained
within the cells, i.e., not near a cell boundary, and
had p, > 20 GeV/c. Candidates where the pyy > 20
GeV/c were removed from the sample-about 5% of
the data. This minimized the uncertainty in the cal-
culation of p;, via Eq. (20} due to mismeasurement
of hadronic energy. The p; distributions of the elec-
trons and neutrinos are shown in Fig. 10a and b, and
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Figure 10a: p,, distribution for the UA2 data.
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Figure 10b: py,. distribution for the UA2 data.
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Figure 10c: A7 distribution calculated from Eq. (18)
for the UA2 data. All figures come {rom Ref [27].
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Figure 11: Invariant mass distribution of e*e™ pairs
in the Z peak region, from UA2.

the transverse mass calculated from Eq. (18) in Fig.
10c.

The energy scale was based on the response of the
calorimeter cells to test beam electrons and had an
uncertainty of 1%. In order to eliminate this uncer-
tainty from the measurement of My, the UA2 group
used a sample of electrons from Z — e*e™ and the
measurement of Mz from LEP quoted in Eq. (14)
above. Tle mass peak is shown in Fig. 11. This
curve was fit to the Breit-Wigner form of Eq. (19)
broadened by the experimental mass resolution and
corrected for effects due to the underlying event, ra-
diative Z decays, and the measurement of hadronic
pr. The final result is

Mz = (91.49£0.35£0.12+£ 092} GeV/c? (UA2),
stat  sys scale
(2Y)
where the 1% scale error is quoted separately from
systematic uncertainties in the treatment of other
effects.

The value of M was derived from fits to the dis-
tributions of Fig. 10 which were performed by the
maximum likelihood method using expected shapes
calculated by monte carlo. The Mr distribution gave
the smallest errors, with the p, distributions serv-
ing as a check on the correctness of the monte carlo
model of the experimental data. See Ref. [27] for
details. Consistent results for My, were obtained
with identical statistical errors whether the one pa-

rameter fit or the two parameter fit was used. The
one parameter fit set Ty = 2.1 GeV/c?, the stan-
dard model value assuming m, > M —m,, while in
the two parameter fit ['w was allowed to vary. The
monte carlo calculation of the My curve included ex-
perimental resolution effects due to electron energy
measurement, the effect of pyw on p,.,and the parton
structure functions. Uncertainties in the procedure
contributed to the systematic error. The result is

Mw = (80.79+£0.31£0.21 + 0.81 ) GeV/c?* (UA2).
stat sys scale
(22)
The scale error was eliminated by taking the ratio
of Eq. (22) to Eq. (21):

L”T‘i = 0.8831 + 0.0048 + 0.0026

Y (UA2). (23)
Mz stat sys

Using Eq. (14) for Afz then gives:

My = {80.50 £ 0.43 = 0.24 1GeV /c? (UA2).
stat sYSs

(24)

3.2.2 (CDF Aleasurement

The CDF collaboration accumulated 4.7 pb™! at
1.8 TeV in the fip center of mass. A complete de-
scription of the W mass analysis is presented in Ref.
{28]. CDF emploved basically the same procedure
to extract My from W — ev as UA2. Indeed, the
central EM calorimeters of the two experiments are
quite similar. However, CDF analyzed W — v de-
cays as well, and had a smaller absolute scale error
(.1% for muons and .2% for e’s) because of the in-
ternal calibration using the solenoidal magnetic field
and the known masses of the vector bosons J/, ¥,
and T, The higher center of mass energy meant that
CDF enjoyed a cross section for 1V production about
three times as large as UA2, but it also meant more
jet activity, giving more transverse W~ motion, and
more longitudinal B motion [rom the parton struc-
ture functions because of the smaller value of ME /s.

Figure 12 shows the low mass calibration lines
used to set the scale of the central tracking cham-
bet momentum measurement. The peaks and the
underlying Drell-Yan continuum come from mormen-
tum analysis of ut g~ pairs with |g] < 1. The po-
sitions of the peaks agree with the world average
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vaiues {20] to 0.1% without any adjustment of the
detector constants—the magnetic field map and the
tracking chamber wire positions. Hence the momen-
_ tum scale averaged over + and — charge signs was
known to this precision. Small charge dependent
errors from incorrect azimuthal wire positions were
corrected by using the calorimeter electromagnetic
shower energies. Thus it was assumed that e* and
¢~ of the same energy gave the same signal in a
given calorimeter tower. Differences in momentum
measurement of such tracks were then eliminated by
small shifts in the geometry. The W data sample was
charge symmetric, so the sensitivity to these changes
was small. The momentum resolution obtained after
including the transverse beam position in the fit was
Apy/pe = 0.0011 pt (GeV), or about 1.3 GeV /c for
the 33 GeV/c tracks typical of W decay leptons.

To transfer this absolute momentum scale to the
calorimeter response, the towers were first normal-
ized relative to cach other. Tlis was done using
17.000 inclusive electrons with E; > 15 GeV—about
35 per calorimeter tower. Then W candidate elec-
trons were used to set the energy scale absolutely
by comparing E/p. IV electrons were used because
thev came from a known source, so that radiative
effects could be calculated, and the expected E/p
distribution, assuming the absolute energy scale to
be correct, could be predicted. The comparison of
this prediction to the data is shown in Fig. 13, The
final systematic uncertainty in the energy scale is
0.21%, compared to 0.1% for the momentum alone.
The calorimeter energy resolution for electromag-

netic showers measured in a test heam was

2 w2
(%) = (13];_5"’) +(1LT%)?
T

where the constant term reflects the accuracy of the

(25)

relative tower to tower normalization.

The resulting mass distributions for ptpu™ and
ete™ in the the Z mass region are shown in Fig. 14,
taken from Ref. [29]. The weighted average result
for Mz quoted in Ref. {29] is:

Mz;=(900+ 03

stat+sys

+ 0.2 ) GeV/jc?
scale

(26)

in agreement with the more precise result in Eq. (14)

above,
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Figure 13: E/p comparison for CDF W — e elec-
trons. The shape of the radiative tail calculated with
the detector simulation program is compared to the
data. E/p > 1 because the electron momentum is
degraded by bremsstrahlung, but the resulting pho-
tons accompany the electron into the calorimeter.

Transverse mass distributions for IV — ev and
W — pv are shown in Fig. 15a and 15b respectively.
The final data samples contained 1130 e’s and 592
u's after all cuts. The lepton p, > 25 GeV was re-
quired, and e’s were restricted to the same fiducial
area used to calibrate the energy scale. To eliminate
Ligh p, 1¥'s, events with a jet cluster above 7 GeV
Er were rejected. The useful integrated luminosity
for the electron sample was 4.4 pb~!, while for the
muon sample it was 3.9 pb~!. In addition. the accep-
tance of the central detector for e's wag larger than
for 4’s. These two effects account for the factor of
twe diiference in event vield.

The CDF fitting procedure involved a compari-
son between the observed and monte carlo predicted
distributions as a function of (M, ) using the
maximum likelihood technique in a manner similar
to UA2. Doth one parameter and two parameter
fits were used. Predicted shapes for discreet values
of {(Mw,['w) were interpolated to give continuous
values of the unknown quantities. The final results
quoted for I'yy constrained to 2.1 GeV are:
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Figure 14a: CDF dimuon invariant mass spectrum in
the region of the Z peak. The muon momenta were
measured in the central tracking chamber.
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Figure 14b: CDF dielectron invariant mass spectrum
measured with the calorimeters in the region of the
Z peak.
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My =(79.91  0.35 + 0.24 £ 0.19) Gev/c*

(CDF e's)
- Mw =(79.90 + 0.53 £ 0.32 £ 0.08) GeV/c?
stat sys scale
(CDF u’s)
(27)

Note that the scale errors are small compared to the
statistical and other systematic errors, so there is no
advantage to calculating the ratio %‘:— with present
statistics. The svstematic errors include uncertain-
ties from the parton structure functions, the pyw
measurement, various possible backgrounds, and the
fitting procedure. The two parameter fits are con-
sistent with Eq. (27), but have slightly larger errors.
The combined result, keeping track of common un-

certainties in the two measurements, is

My = (79.91 £0.39) GeV/c?  {CDF)  (28)

3.2.3 Combined Results for My

Equation (28) can be combined with Eq. {24) to
give a best value of the 1V mass at the present time.
To do this, a weighted average was calculated, com-
bining the statistical and systematic errors of cach
measurement in quadrature. Since the techniques
used to extract Mw were very similar, one might
point out that the systematic errors for the two ex-
periments are probably cortelated, and this aver-
aging technique may underestimate the final error.
However, the statistical errors in each case dominate
over the svstematics, so the combined error cannot

be too far off. The result is:

My = (80.1520.31) GeV/c* (UA2 and CDF combined).

(29)

3.3

The ratio %};’— from Eq. (29) and Eq. (14) is

The Weinberg Angle and the Top Quark Mass

3
Mw 8701 £ 0.0034,
Mz

(30)

which gives the Weinberg angle via Eq. (10} derived

entirely from the [VB mass ratio:

sin® 0w = 0.2272 % 0.0060. (31}
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Figure 16: Ar defined by Eq. (11) calculated in Ref

[30] as a function of Mmp for Muiges = 100 GeV and
1000 GeV.
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Figure 17: CDF individual cross section measure-
mentsfor p4p = IV s evand p+p— Z = ete”
at 1.8 TeV compared to lower energy measurements
at the SPS and theoretical expectations of Ref [34].



Then the radiative correction term Ar of Eq. (12)
becomes:

Ar =0.048 £ 0.018 (32)

- The top quark mass can then be read from Fig. 16 :

Myop = 130tg§ GeV /c* {mMpiggs = 100 GeV/c?).

(33)
If Migiggs = 1000 GeV/c?, then the central value for
Myop increases to 150 GeV/c*, The curves for Ar vs
Myep were derived from the formulas of Hollik [30]

using the Z mass irom Eq. (14) above.

3.4  Cross Section Hatio and 'w

It was pointed out when the first SPS collider results

appeared in 1983 {31, 32) that the ratio
_afpp = W) B(W — ev)
T olpp— Z) B(Z — etem)’

(31)

which is relatively free of experimental systematic

errors. can be used to measure £2. The ratio can be

Ty
rewritten as
a(pp — WHT{W — ev) I'z

f= ><l"(Z--+e‘*'e‘)

op=2)  Tw (35)

In the Standard Model the leptonic partial width
(W — ev) can be expressed in terms of the W
mass and the muon decay constant G
Gudd,

672

This formula gives T(WV — cr) = (0.225 4 0.003)
GeV using Eq. (29).

been measured [22]:

LIV — ev) = (36)

The Z leptonic width has
[(Z — efe™) = (0.0837 =
0.0007) GeV. These numbers combine to (1} —
ev)/T(Z — ee) = 2.69 4 0.03. Since I'z = (2,406 £
0.016) GeV [22], a formula can be obtained for Ty

in terms of the cross section ratio:

oUP = Z) | p (6,71 £0.08) CeV. (37)

Y g — W)

The cross section ratio has received much thearet-
ical attention [33, 34]. Although many theoretical
uncertainties cancel in the calculation, the ratio de-
pends on the assumed parton distributions and on
the QCD higher order diagrams to a degree which
may cause concern, especially if the statistical error
on the measurement of R decreases as more W/Z
production data are accumulated at hadron collid-
ers. Halzen and Keller [35] ascribe errors of 3% and
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Table 1: CROSS SECTION RATIO

EXD R #of Z Tw
UAl | 10.08%1 12 112 | 2.06=0.23
uaz | 9381082 169 | 2.30+0.19% 0.06
CDF | 10.2£084+04] 187 |[21940.20

5% on the QCD-parton model calculations of ’;((%l at
1800 GeV and 630 GeV respectively. Limited statis-
tics in the number of Z’s observed result in statisti-
cal errors in the measurements which are at present
larger than these theoretical uncertainties.

Table | summarizes the I measurements made by
UA1{36], UA2 [37], and CDF [38]. The experiments
are in agreement with cach other within the quoted

errors. The average value of Ty is:

Dw = (2.17£0.12) GeV/c* (UAL, UA2, CDF),

(38)
which is in good agreement with 2.12 GeV/c? ex-
pected in the Standard Model. The individual cross
sections were measured as well as the ratio, and these

results are shown in Fig. 17.

3.5 Charge Asymmeiriestn Z — (Y6~ and W —
147

Charge asymmetries due to v-Z interference in e¥e™
annihilation below the Z peak have been extensively
studied. The review by Marshall [30] covers the
PEP and PETRA encrgy region. up to /5 = 10
GeV, while the TRISTAN data are review by Ka-
mae [10]. TFinal states (ptp™), (#tr7). and {39
With the advent of LED
and SLC, these measurements have been extended

have all been studied,

te the Z resonance itsell [22]. The cross section for

+

ete™ = ff, where f is cither a lepton or a light

quark (m3}/s < 1}, can be written [11]:
do o x N/ 2
e (G1(8)(1 + cos® 0)

+Ga(s) x 2cosd), (39}

where # is the angle between the incident €~ and
the outgoing fermiion. The forward-hackward asym-
metry App = 5;:—:-: is the experimental quantity
usually measured. The color factor N/ = 1 for lep-
The coefficient 5 of the

cos(f) term vanishes in the pure electromagnetic

tons and 3 for quarks.



limit, without the weak neutral current. The func-
tions ¢y and (7, are:

G1(3) = Q2Q% + 2Q.Qv.vsRe(x.(s))
+(v? + a)(v} + a})[xo(s)?

Ga(s) =2Q.Qra.asfe(x,(s))

+4v.a.viasixa{9)f* {(40)

The first term in the G3(s) formula represents the in-
terference between the vector photon and the axial
vectar component of the Z. The second term ac-
counts for vector-axial vector interference at the Z
peak. The Z propagator (normalized to the photon
propagator) is

8

Xo(s) = sinz(zgﬁ") x (8 = ;U% 4 iMze)'

The neutral current coupling constants used in Eq.

(41)

(40) are given by:

vy = I:{ el ZQ_{ Sill2 Hw’
ag=1{ (12)

These definitions agree with the ones used by the
Particle Data Group [20], and by Dydak [22]. The
average values for the leptonic vector and axial vec-
tor couplings quoted in Ref. [22] are vy = —0.045 %
0.006 and a; = —0.501 £0.002. The vector coupling
is small because sin? 0y is near 0.25. The charge
asvrnmetry is therefore small on resonance, but the
The

asymmetry also changes sign as the energy passes

«-Z interference can be large off resonance.

from below 1z to above 1Mz, giving a dramatic
curve, shown in Iig. 18. This effect has been ob-
served at LEDP near the Z peak.

quarks the vector couplings are larger, resulting in

For final state

somewhat larger asymmetries, albeit more difficult
to measure experimentally.

Hadron colliders study the inverse reaction g —
Z — (*Y¢-. The formulas, being symmetric in ini-
tial and final fermion states, are the same. However,
the initial state consists of distributions of quarks
and antiquarks in the proton and antiproton. so
the relative contributions of valence quarks and sea
quarks become critical to the expected asymmetry
[42]. Thus the sea x sea contribution is completely
symmetric, while sea x valence or valence x valence
will result in a correlation between the quark (pro-
ton) and the lepton (e~ or 7). Fortunately, the sea
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Figure 18: Charge asymmetry expected for 5+ p —
ete” X in the mass region of the Z peak from Eq
(39) and Ref [42]). T-Z interference, which changes
sign at s = M3, can give large asymmetries just off
resonance.

® sea contribution at 1.8 TeV is expected to be only
about 20% of the total IVB production cross sec-
tion, which slightly dilutes an already small asym-
metry [33]. Further complication arises because the
description above is given in the Z rest frame for
collinear ¢¢ annihilation, a condition which does not
hold at the Tevatron collider [43).

Preliminary results from CDF for the asvmmetry
in the decay Z — e*e™ have been reported to this
Conference hy TFranklin [44]. The angular distribu-
tion for 252 events with 75 GeV < AMee < 105 GeV

is shown in Fig. 19. The results are:

Arg=(3.2% 3.9 £ 0.4)% CDF Preliminary

stat SYS
sin? 0y =0.228 £+ 0.016 £ 0.002. (43)
stat SVS

The lepton asymmetry for ¢5 — IV~ — £7v can
be treated from a different perspective, since in this
case the angular distribution of e~ in the IV~ rest
frame has the form (1 + cos 8)2, where # is the angle
between the e~ and the incident quark {consistent
with Eq. (39)). This distribution is a consequence
of the V-A character of the charged weak current.
Thus the lepton asyvmmetry from polarized W's is a
basic component of the theory, with no free parame-
ters. In addition this asymmetry has been confirmed



[;ljilllllll|!|'7

407 T 7

[: COF PRELIMINARY
30 7
20 - -

P PO R P R WP S Y
-05 0
cos(8)

Figure 19: Preliminary CDT data for the Z — e*e~
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with Eq (39).

G s
-1.0

by experiment at the SPS [36]. At the Tevatron the
broad distribution in ¥ rapidity together with the
kinematic ambiguity due to the zero constraint fit
preclude the Lorentz transformation of the lepton
into the IV rest frame except at very small angles
relative to the colliding beams. Thus in the cen-
tral region of rapidity one must be content with the
measurement of the asymmetry in the lepton rapid-
ity distritbution in the laboratery frame, which is a
convolution of the lepton rapidity distribution in the
IV rest frame and the 1V rapidity distribution in the

laboratory.

These two rapidity distributions have opposite
signs. The helicity rules require the e~ from W~
decay to favor the initial d quark direction, or (pre-
dominantly) the proton direction. Hence the weak
mteraction prefers a reversal of the flow of charge.
The valence quark structure functions on the other
hand favor the production of W~ along the antipro-
ton direction, since w(z), the u quark structure func-
tion, falls off more siowly with increasing r than does
d(z).
charge. Fig. 20 shows preliminary results from CDF

I production tends to preserve the flow of

for W — er lepton asymmetry in the central re-
gion, compared to the predictions of several struc-

Lepton Asymmetry, Mo (W)>50 GeV/c?

03 T

T T
CDF preliminary
Statistical error oniy

Asymmetry

Figure 20: Preliminary CDF data for the W — ¢
charge asymmetry in the central rapidity region,
The asymmetry at a particular value of eta is defined
as: A(n) = (Ne+(n > 0)+Ne-(n< 0)—Ne+(p <
0) — Ne~{5 > 0))/sum. This convention is opposite
to the one in Fig. 18. On resonance. the signs of the
9 — e~ asymmetries in the W~ and Z rest frames
are the same,

q Q
: TONa

g AR At ()

15

[»]]

Figure 21: QCD diagrams for the production of
heavy quarks by fight quarks and gluons.



ture functions. Note that the asymmetry is positive,
which is opposite to that expected from the helicity
rules, so that in the central region the W motion pre-
dominates. Such measurements can contribute valu-
able information to the process of fitting the struc-
ture functions, and in turn improve the accuracy of
the prediction of the cross section ratio Eq. (34). See
Ref. [33].

’

4 Heavy Flavor Lost and

Found

4.1 Bottom Quarks Found

Mesons containing the fifth quark, the & with charge
—1/3, have been extensively studied at ete™ collid-
ers {39, 40] since the discovery of the T (4S) at CESR
in 1980 [43]. Almost everything known about B de-
cays comes from eTe™ colliders: CESR and DORIS
running at the upsilon {45) “B factory”, and PEP
and PETRA running at higher energy. These stud-
ies include measurement of the leptonic branching
ratios, exclusive final states itke B — J/4 K~ and
the B mass. (b — u)/{b — c) via the lepton spec-
trum, the B lifetime, and B-B mixing {16].

Hadron colliders offer the possibility of high statis-
tics detailed studies of B decays because of the large
( > 10 ub) cross section for pp — bb + X at col-
lider energies. The dominant diagram is gluor-gluon
fusion—see Fig. 21. An integrated luminosity of 10
pb™! would produce 10% events. The experimental
challenge is to detect a reasonable fraction of them
by tagging the & through its decay channels or its
finite flight path or both, in the presence of very
large light quark and gluon backgrounds. and thus
to exploit this rich physics potential.

The UAl collaboration led the way in demonstrat-
ing that hadron colliders might one day serve as their
own brand of B factories (47, 48]. The signature used
by UA1 was muon pairs arising from heavy flavor

semileptonic decays:

p+p— b +b +.X
L. euty L. cpT v

(44)

A cut on the muon p, > 3 GeV/c favored the heavy
quark decay, as did the dimuon masy m,, > 6

GeV/e.

Some muons [rom the decay of the ¢ or

16

¢ quark either in the flavor cascade or from direct
production of & pairs were included in the sam-
pie, as were background muons from = and K de-
cay in flight. Decay in flight was studied by using
the single high p; muon inclusive sample, and select-
ing events where there was a second high p; charged
track. Muon decay of the second track was then
simulated by monte carlo. By fitting the spectrum
of muon pt relative to the jet axis for nonisolated
events, a signal of 66 & 10% muons from bk was ob-
tained.

Muon pairs from bb decay have unlike signs, except
if B and B mix. The possibility exists for B® and B°
to mix in analogy with the A K system. The tran-
sitions (bd) — (db) or {hs) — {3b) are second order
in the weak interaction. The Cabibbo-Kobayashi-
Maskawa (CKM) [49] matrix elements should favor
the (bs) mixing case, but there is so far no unam-
biguous experimental evidence that B, mesons mix.
although mixing for B, is now well established {50].

UA1l reported to this conference [51] an update on
their carlier measurement (48] of 8 mixing using
unlike sign vs like sign dimuons. The mixing param-
eter is defined by UA1 as

N(B® = B° = ptuX)
YENE = v X) T N (B = B° 5 jrox)
{13)
The e*e” groups use the quantity r which omits the

mixed term in the denominator. The basic mea-
surement by UAT was straightforward: compare the
number of like sign and unlike sign muon pairs where
each muon p, > 3 GeV /c. Substantial complications
arise in extracting y from this uncorrected number,
because there are sources of muon pairs other than 3
decay; there are 3T B~ which cannot mix as well as
B°B° which can; and there are B and B2 neutrals.
The UAL preliminary result from the new data after
all corrections is:

x = 0.16£0.06 +£0.02 {UA] Preliminary), (46)

which is in good agreement with Ref. [52]. Figure
22 shows a plot of the UA1 result, which cannot
distinguish between By and B, mixing, compared
to the e*e” result from running at the upsilon (45)
which is unambiguously B; mixing.

The difference AM between the mass eigenstates
of the B® system, and in turn the mixing parame-
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Figure 22: A comparison of the mixing parameter
resuits of UAL, CLEO, and ARGUS, taken from Ref
[51]. The UA1 data were interpreted assuming that
a {raction 0.36 of all b quarks form B}, and 0.18 form
B?. The one sigma error bars are shown on the UAL
data. The CKM curve favors v, > ya.

ter + depend on the top quark mass. It therefore
is possible to calculate my,p, using elements of the
CKM matrix [33]. One complication of this approach
is that, because the mixing involves mesons rather
than quarks. a bag model parameter Bg enters the
formula for r. It is possible however to obtain a
prediction for my., consistent with Eq. (33) using a
reasonable value for Bg. This is interesting because
it is completely independent of the electroweak ra-
diative correction arguments and of the mass of the
Higgs.

UA1l and CDF have both searched for the rare
decay B° — pu*p~. The branching ratio for this de-
cay in the Standard Model is expected to be about
5 % 10710 for mygp = 100 GeV [34]. The decay is
a flavor changing neutral current, and hence must
proceed via the exchange of two W bosons, or a IV
and a Z. The analogous decay Br{f} — utp~) =
(6.3 4+ 1.1) x 107® [20). In an extension of the
Standard Model to include charged scalar fields the
branching ratio could increase to the 1078 to 107
range [34]. Either case is out of range of present
experiments.

UA1 has also searched for the inclusive channel
B® — ptu~X.
formation and subsequent decay into muon pairs

In this case the J/¢ resonance

has been ohserved, but not the nonresonant contin-
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Table 2: Rare decays

Standard
UAlL CDF
Model
B® — utyu~ <8x 107" | <« 3= 1079 | 10~%Fto 10~°
B =~ 7 X | <5 %105 - =% to 10-°
90% confidence
Table 3: Relative J/i Yield
_Source | direct [ xq i | v2a | B W
lativ
refativel 0.05 | 0.005 | 0.44 | 0.14 | 1.0 | 0.002
yield

uum. The continuum branching ratio in the Stan-
dard Model could be in the 10~° to 107% range [53],
which is approaching experimental accessibility.

The search involved making a dimuon invariant
mass plot, and looking for a peak in the range 5.1
GeV/c? < m,, < 5.5 GeV/c? for B° — ptpu~, and
an excess above the Drell-Yan continuum between
3.9 GeV/c? and 4.5 GeV/c? for the inclusive channel.
No evidence of a signal was observed, resulting in the
limits summarized in Table 2.

CDF has reported to this Conference the success-
ful use of the decay J/o¥ — uty~ as a tag for B
decays [56]. Figure 23 shows the dimuon data from
Fig. 12 in the J/y¥ and 3 mass regions. There are
1500 J/y’s and 72 £ 17 +'"s above background in
these plots, based on an integrated luminosity of {
pb~'. The p, distribution is shown in Fig. 21. The
trigger placed an effective threshold p, > 5 GeV/e
on the muon pair, and the data were restricted to
the central region || < 0.3. At hadron collider ener-
gies. where the bb production cross section is large.
B decays furnish a substantial fraction of all J/ys

produced {57]. There arc four sources of J/4's:
a.) direct production, gp — J/y:+ X,

b.} pp— x— J/+ v

c.)pp— B — J/y+ X; and

d.) pp =+ ' — St aT,

The calculated relative rates for J/¢ — ptp~ from
these various sources at 1.8 TeV with p; > 5 GeV/c
are given in Table 3. About 2/3 of all J/¢'s come

from B’s, with most of the remainder coming from



200
CDF PRELIMINARY
Led8-1088 Run
DIMUON_CENTRAL_1 trigger
& 8 CMUD hanus
. Commomn veriel conAiraibl
< 150 | wWage = J.088% § 0.0007 Ca¥/o*
4 - - R48 £ 0T Mev/er
=
Q
o
L
©
3
- 100
2
o
<
3
g
[
]
5]
S0
; e 4 L |
ar TR
o
2.Aa a az 4
Mluu) [Gev/e"}
30 }
CDF PRELIMINARY
1PAA <1989 Run
DIMUON _CENTRAL_Q Leigger
25 % ® CMUO banks
Mass = 3.673 & DOOP GeV/c®
% - - 420 k 11.3 MeV
g
B
]
z 20 |- —
=]
&N
o
v
1
n 15
<
Q
o]
d
E
4 H
[ 10 b :
o . ' e
5} !
[op— i
s i
o 1 i 1 L

a.4 3.8 . X:] a
M) [Gev/c'}

Figure 23: CDT J/¢ and ¥ peaks from Fig. 12.
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the x state with JP€ = 1*+, The 0** state is sup-
pressed both by a small production cross section and
a lower branching ratio Br{x, — J/¢ + ) = 0.7%.
Direct production and daughters of ¥’ decay can be
neglected. So only two of the x states contribute to
J/¥ + 4, and x's and B’s dominate the high p, J/v¢
signal.

The branching ratio for B — J/y + X = (1.12 %
0.18)% of all B decays—either charged or neutral,
while B — %' + X = (0.46 £ 0.17)% [20]. Since the
x states are energetically forbidden from decaying
into ¥, and direct ¥’ production is expected to be
small, B — ¥’ + X may be assumed the only source
of ¥'. The ratio of observed J/¢ to ¥' in the data
can thus be used to calculate the fraction of J/y's
which come from B decay. The resuits are:

(/) =(4321.00%  CDF Preliminary,
{47}

to be compared with the upsilon (43) result [38]:

W HJ) = (6.8+25)%  CLEO. (48)

The ratio of these two numbers, assuming all of the
CLEOQ events came from B decays, is the fraction of
J/ from B decay:

F=64%+15% % 5% +23%

stat syst stat

CDF Preliminary,

(49)
where the second statistical error is from Eq. (18).
This large fraction, in agreement with expectations,
indicates that the J/y tag can be efficiently ex-
ploited to identify 3 meson production in the pres-
ence of backgrounds.

CDF also reperted observation of several exclusive
decay channels using the J/¢ — pTu~ tag. An inde-
pendent check of the assmmption that the remaining
36% of the J/i's came from yx decay was obtained
by searching for gamrma ray conversions in the cen-
tral detector with E, > | GeV | and reconstructing
the J/yy invariant mass. Figure 25 shows the re-
sulting spectrum after applying an isolation cut to
the photon to suppress background from B's. The
position of the peak is consistent with the expected
mixture of 1t and 2*% y’s. After correction for the
v detection efficiency calculated by monte carlo, the
yield of 48 + 15 events in the peak agrees with the
hypothesis that all J/+¥’s came either from B or y
decay.
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I'igure 27: CDF preliminary invariant mass plot for
J{¥K*. To make this plot all charged particles in
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{J/¥, K) mass was calculated.
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p+p — W — this the dominant source of top.
At the Tevatron direct pair production pp — {1.X
dominates for all mygp.
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Searches for exclusive B decays in the J/y —
ptu~ data sample have also born fruit. Figure 26
shows the invariant mass plot sensitive to B° —
J/ + K°*, K°* — K%*r~. The K° was recon-
structed by picking each charged track in the J/v
event, searching for another charged track of the op-
posite sign in a 60° cone, and then assuming the
(K,n) and (7, K) mass assignments. CDF had no
instrument for distinguishing n’s and K’'s, and the
J/1 did not indicate whether the parent meson was
a B or a B. The considerable combinatorial back-
ground is shown in Fig. 26, together with a peak
at 5.28 GeV consistent with the B mass. A similar
procedure was used to look for the two body decay
B* — J/4¥ K%, shown in Fig. 27. Figure 28 shows
the two plots combined. These preliminary data con-
firm the utility of the J/1 tag as a signature for O
production at hadron colliders.

4.2  Top Quarks Lost
4.2.1 [Introduction

If not really lost, the top quark is not exactly found
either. The search for the charge +2/3 top quark
has a long history, dating back to the discovery of
its companion, the bottom [39]. Early work con-
centrated on a change in the ratio R = {ete” —
hadrons)/(ete™ — p*p~) which would either indi-
cate the presence of a toponium peak or an increase
in R by 4/3 (which becomnes 1.07 after QCD correc-
tions) at the threshold for the production of a new
quark pair. The absence of any change in R at PE-
TRA energies implied a limit myop > 23.3 GeV/c?
[39]. This technique was extended at TRISTAN
to Mmeep > 28 GeV/c? by the same technique [40].
LEP and SLC have extended the limit to myp >
46 GeV/c? by scarching for ete™ - ¢ with t — bW*
where 1V* is an off shell 1V {22].

A kev ingredient in determintng the sensitivity of
a hadron collider search is the cross section for the
production of the top in pp collisions. This is shown
as a function of the top quark mass in Fig. 29. At
V'8 = 630 GeV, the dominant source of top quarks
is W+ — th [60], provided of course that m., <
My — my. Tor a heavier top the cross section is < 10
pb. Every top quark search at hadron colliders, with

£+ ¥ coni-F) 4~

. IR
ey



perhaps one or two exceptions®, has been based on
the Standard Model decay chain:

t— b4+ W W= ev,
11%

qg , (50)
67T%

uv
11%

TV,

1%

where the asterisk signifies an off-shell IV if m,,, <
My + r, and the branching fractions of the final
states are written below. In order to suppress QCD
jet background, a high p, lepton, either e or pu, is
required. At the SPS the top quark events would
have the form:

ip — W X (51)
L 4
Lo piy=+
L’ ,’J-+V.

In this example there wouid be a high p, pt and jet
activity associated with the fragmentation of the &
quarks. There would also be a large missing £7 from

the neutrino accompanying the 1W* decay.

4.2.2  Searches af the SPS

The first hadron collider search for the top quark was
made by the UAl group at the SPS [61]. The in-
clusive muon pt spectrum after background subtrac-
tion was conststent with (c.b) quark decays, Drell-
Yan. J/v, and T muon pairs, and VW and Z decavs.
In the muon sample where pye > 10 GeV/c and
Er;ee > 10 Gev, the distribution of muon p, relative
to the jet axis was well described by éc + bb decays
together with a small background from r and /A de-
cay. To enhance the possible top signal, an isolation
requircment was made on the muon. at lcast one
jet with Er > 12 GeV was required, and the trans-
verse mass Myp(pr) < 40 GeV. The Mr requirement
eliminated |V events from the sampie. The result-
ing conservative limit, based on no departure of the
data from expectations without the top quark, was
TMiop > 44 GGV/CQ.

Both UAl and UA?2 reported to this conference
the latest limits on the top quark mass based on
their most recent data [62, 63]. Combining the new
muon data with the earlier sample, UA1 by a similar

*UAL, for example, has searched for { — H+b, where £+
is a charged scalar. See Ref. [36].
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Figure 30: UA2 W+ jets transverse mass plot to look
for top. The dotted curve shows the signal expected
from a 65 GeV/c? top.

analysis to the one described above obtained a new
limit myop > 52 GeV/c? (95%c!).

UA2 worked with high p, electrons, and plotted
the transverse mass for electron events with p,e > 12
GeV/c and at lcast one jet with ET > 10 GeV. The
(18), and
the resﬁlting plot, shown in Fig. 30, resembles the

transverse mass was calculated via Fq.

one in Fig. 10c, but has only 137 events because
of the jet £7 requirement. The limit on top gquark
production was based on the observation that if 10
GeV/c? < myap < 70 GeV/c?, then the decay of
the 1¥* from £ — Wb would reconstruct as a low
mass I on the Ay plot. and hence give an enhanced
signal below the real 11" peak. The dashed curve in
Fig. 30 shows the expected enhancement for a 63
GeV/c? top. The UA2 result was

Mop > 71 GeV/c?  (90% confidence) (UA2). (52)

Figure 29 shows that the expected cross section
at the Tevatron, /s = 1.8 TeV, is dominated by
pp — tt + X for all vaiues of myop, and the cross
section is 100 pb for ty,, == 100 GeV. Thus the
higher encrgy gives an enhanced reach in the top
quark search, but at the price of greater theoretical
uncertaintly in the cross section, since the W — b

channel can be predicted given the rate for W —



ev. Much theoretical effort has been applied to the

question of heavy quark pair production, and it is’

estimated that the uncertainty in the cross section
calculation for a heavy top is in the 10% to 20%
range [60].

4.2.3 Searches at the Tevatron

Events at the Tevatron have the following topology:

L b~ Lepw+e
by L. 149

(53)

The event in this example would have a high p, iso-
lated p~, two energetic jets from the fragmentation
of the W** = ggq, and two other jets from the b and
b. Additional information in the event could be sup-
plied by leptonic decay of one of the b quarks, by the
observation of a finite flight path for 4 decay, or by
the leptonic decay of the $7** as well as the W=,
resulting in a high pe (u~e*) or (™ p™) pair from dif-
ferent quark decays. These additional [eatures gain
in background rejection at a cost in sensitivity. Thus
semileptonic decay of the other top costs a factor of
five; requiring a lepton from either b is a factor of
2.5, while the price of the finite vertex gap depends
on the details of the experimental apparatus—vertex
resolution, sciid angle coverage, etc.

The first search performed by CDF [64] was based
on the transverse mass argument used by UA2. The
sensitivity reached a slightly higher mass limit be-
cause of the larger production cross section, but any
search of this tvpe is limited to myop < M, because
if t — b, where IV is on sheil, then the W trans-
verse mass curve looks normal, and the presence of
the top quark would only change the absolute yield
of W — ev by a few percent. More high Er jet ac-
tivity is expected from p+p — £ +¢ at 1.8 TeV, so
the data sample was restricted to those events with
Er. > 20 GeV, missing Er > 20 GeV, and two or
more jets each with E7 > 10 GeV, and jn| < 2. The
transverse mass plot of the 104 events passing these
cuts in 4.4 pb~! integrated luminosity is shown in
Fig. 31. The data fit expectations from W + jets
calculations, consistent with no top quark. The re-
sulting limit was mep < 77 GeV/c? (95% cl).

The second search of CDF required two high p,

Aumbar of avants
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Figure 31: CDF W+ jets transverse mass plot to
look for top. The dotted curve shows the signal ex-
pected from a 70 GeV/c? top.

leptons, the lowest background being in the (p*, e¥)
channel [65]. These leptons were assumed to come
from the decays ¢ — 1W*b and { — W}, where
the IW's decayed leptonically, and could be off or
on shell. This signature was sensitive to top guark
masses passing through the threshold for ¢t — 1V 4 b,
hence overcoming a defect of the previous technique.
Although the event yield is expected to be small be-
cause of the dilepton requirement, the backgrounds
in this channel are also small, and the signature is
easy to understand. The two leptons were required
to have |p| < 1.0 and Er > 15 GeV for electrons, and
I7i < 1.2, pr,, > 5 GeV/c for muons. The 45 opposite
sign e-jt events satisfying these criteria are shown in
Fig. 32. Monte carlo studies of bb and tf produc-
tion indicated that the cluster of events at p, thresh-
old was consistent with expectations from b decay.
Defining the top quark signal region by Er. > 15
GeV and py, > 13 GeV, 7 events were expected for
Mop = 70 GeV /e, There is one candidate shown in
Fig. 32, which led to the limit myp > 72 GeV/c?
{95% cl). The bound obtained from the ey chan-
nel was statistics limited, and lower than the et jets
channel in the same 4.4 pb~! luminosity data sam-
pie. The high p, dilepton signature will be very valu-
able, however, when higher integrated luminosities
are achieved.

The one event in Fig. 32 out all by itself in high

(E4, pt) space is interesting, but of unknown origin.
The information concerning this event is summarized
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Figure 32: Er{e) vs p:(p) scatter plot for high trans-
verse momentum e¥, u¥ pairs from CDF. One can-
didate event resides in the top quark search region.
Table 4: High (E., p:) event of Fig. 32

particle | charge | p (GeV/c) 7 # (degrees)
central e + 3.7 —0.81 132
central p - 42.5 —0.80 269
forward u + 9.9 —-2.0 98
jet 1 14 1.1 341
jet 2 5 -2.8 88
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in Table 4 [66]. There are three leptons in the event.
The reader is welcome to speculate on what it is.
More integrated luminosity should explain the mys-
tery.

An update on the CDF analyses, extending the
top quark limit to mp > 89 GeV, was presented
to this Conference by Campagnari [67]. This update
was based on two things: a. Extension of the dilepton
analysis to e pairs and g pairs; and b. Extension of
the sensitivity of the e 4 jets search to heavy top
mass by looking for daughter muons from b decay in
the W+ jets data sample.

The extended dilepton analysis reqired a Z mass
window cut 75 GeV/c? < musye- < 115 GeV/c?, and
missing E'r > 20 GeV to suppress backgrounds. In
addition the azimuthal separation between the two
leptons was required to be 20° < A¢ < 160°. No fur-
ther candidates for {f decay were found in either the
ee or pp channels, which pushed the limit m,, > 84
GeV/c? (95% cl). This is near the threshold for
t — W + b This technique has the advantage of
having a smoothly varying sensitivity as the thresh-
old is crossed, because it is based on the decay of
nearty on shell or on shell 1¥’s as m,,, increases.
The threshold is not sharp because of the 2.1 GeV
WV line width, which is the same order of magnitude
as Mmy.

The behavior of t — 1V + b near real IV threshold
has been considered by Gilman and Kaufman [68].
One issue is whether in this region ¢t — 1V + s, al-
though suppressed by the CKM matrix, dominates
over t — IV 4+ b. The answer is no, because the
smoothing effect of the W line width compensates
for the discontinuity in decay rates as the W be-
comes real. Considerations of this nature are rel-
evant in interpreting the other extension described
by Campagnari [67], namely the hunt for b quark
decays in the W plus jets sample. If ¢ — W 4+ b
occurs with very little extra energy available in the
top quark rest frame, then the b quark will be slow,
and the daughter muon will also be slow. In order
to maintain sensitivity, the search for muons in the
W plus jet sample allowed the muon p, down to 1.6
GeV/c, a very low threshold value below which the
muon would range out in the hadronic calorimeters.
To enhance statistics, both the W — ev sample of
Fig. 31 (104 events) and the W — uv + jets sam-
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Figure 33: Cross section plot of expected top produc-
tion showing the preliminary top quark mass limit
e > 59 GeV/e? from the combined searches in
the lepton pair channels and the W+ jets channel.

ple of 87 events were used. Seven events were found
with muon candidates, but all were within one of
the two highest Er jets in the event. These high
E7 jets were presumably from the decay W — q7 if
the event was indeed ¢f production, and hence the
“muons” were background from hadrons in the jets
and not daughters of b decay. The b quark jets in
these events would be expected to be very low L.
A minimum separation V307 + An? > 0.5 between
the muon candidate and either of the two high L't
jets eliminated all seven events. A preliminary value
Myep > 89 GeV/c? (95% cl) is quoted in [67]. The
CDF results are summarized on the cross section plot
of Fig. 33.

4.2.4 Conclusions of the Top Quark Hunt

It is clear that the top quark is heavy—too heavy
for Z — tf certainly, and probably heavy enough
for t — W + b to occur as a two body decay. The
present experimental limits are consistent with the
values predicted from Ar, the electroweak radiative
correction term, and AM, the mass difference in the
neutral B system. It is very likely that the signature
for fp — it will be the anomalous production of W
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pairs. Figure 29 shows the top quark cross section
at 1.8 TeV out to myep = 200 GeV/c?. The W pair
cross section itself in the Standard Model is fp —
WHW-X = 10 pb [69]. Thus ¢ will contribute at
least 50% of the total W pair signal out to my,p =
150 GeV/c.

5 Beyond
Model

the  Standard

5.1

Introduction

[nterest in looking beyond the Standard Model per-
gists even in the absence of any encouraging experi-
mental results. This is quite proper, and essential for
progress in the ficld. The only way to learn anything
really new is to discover that the Standard Model
The Standard
Model does not predict the number of generations

is embedded in something larger.

of quarks and leptons, and although it is now known
that there are three generations of light neutrines
and no more, it is possible that the fourth neutrino is
heavy. Heavy lepton searches, both charged and neu-
tral, have been performed at colliders for years [70).
Searches for a fourth generation of quarks, pegged to
a charge —1/3 ¥, have run in parallel with the top
quark hunts. The neutral Higgs scalar is an integral
part of the Standard Model, but is not very easy to
find. An entire book is devoted to how to look for it
[T1]. Beyond the Standard Model one might enter-
tain more massive IV's and Z's [72], supersymmetric
particles (SUSY) [73], or even something unthink-
abie.

5.2 [Iladron Colliders Look Beyond

The first hadron collider searches beyond the Stan-
dard Model were made by UA1 [74] and UA2 {75] at
the CERN SPS. The first search at the Tevatron by
CDF has also been reported [76]. The present situa-
tion was summarized at this Conference by Freeman
7).

Most of the effort has concentrated on the high
missing transverse energy data sample. This sample
was composed in the various experiments of events
in which there was substantial jet activity which was

not balanced in Fr. In the calorimeters a vector



Table 5: £+ Data Samples

exp Energy Ldt | Eq > # Jets [T # evia | # expected

GeV pbi | GeV stand mod
UAl 530 0.7 13 Zor > < 140° 4 52+1.9
UA2 830 7.4 40 2or > | < 160° none none
CDF 1800 4.4 40 2or> | <150° 98 90+ 19

missing Et was defined by the equation
Er=-)_ Erfi, (34)
t

where #; is a unit vector pointing in the direction of
the ith tower. Ey, although of great physics inter-
est, s one of the more difficult quantities to measure
accurately. Weak towers, dead towers, noisy tow-
ers, cracks, cosmic rays, random energy deposits not
associated with the beam-beam collision, and sim-
ply measurement fluctuations in jet energy all give
false £ signals. After cleanup of obvious garbage,
the data samples were restricted to events with large
Er. A “significance” defined by

§=Er/\Er

has been used to characterize the likelihood that the

(53)

Ep did not come from jet energy fluctuations. The
numerator in Eq. (53) is the magnitude of the £
from Eq. {54}, while the denominator is the total
scalar Er. Both CDF and UAl required S > 2.8,

Er data were used as a signature for possible new
physics by identifving all known sources of events,
estimating their yvield, subtracting them from the
sample, and seeing if there was anything of statis-
tical significance left over. Besides energy loss from
cracks and measurement fluctuations in QCD jet-jet
events, there were such known sources as Z + jets,
where Z — vir, and W + jets, where W — tv, and
the tau decaved into a narrow jet, or IV — ev or pv
where the charged lepton was lost for some reason.

The resulting data sets are summarized in Table 5.
No statistically significant signal unaccounted for by
the Standard Model was found. The £7 distribution
and jet multiplicity distribution for the CDF data
are shown in Figs. 34 a and b.

It is customary to interpret these null results in
terms of a minimal SUSY model, because definite
conclusions can be drawn regarding mass limits of
SUSY particles.

motivation for and consequences of Supersymme-

An excellent description of the

try is given in Ref. {73]. One way to obtain con-
vergence in the radiative corrections to the Higgs
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Table 6: Lower mass limits on squarks and gluinos.

Squarks
Mz > 45 GeV/c?
M;> 19 GeV/c?
;1{,' > 150 GEV/CZ

Gluinos
M; > 53 GeV/c?
M; > 74 GeV/c?
Mz > 150 GeV /<?

UAl
UAZ
CDF (prelim.)

Table 7: Lower mass limits on new gauge bosons.

W z
95% CL 95% CL
My > 209 GeV/c? Mg > 180 GeV/c?
Mw+ > 478 GeV/e? Mz > 380 GeV/c?

UA2
CDF (prelim.)

scalar mass is to cancel the loops involving known
particles with companion loops of supersymmetric
twins, which have all quantum numbers the same
except spin. Fermions have SUSY boson partners,
and bosons have SUSY fermions. The model intro-
duces a new multiplicative quantum number called
R parity which is strictly conserved. All existing
particles have R = +1, and R = -1 for all SUSY
This means that SUSY particles, which
are strongly interacting and couple to quarks and

partners.

gluons, must be produced in pairs. For simpiicity
it is assumed that all squarks have the same mass.
There must exist a lightest SUSY particle, or L3P,
which is stable. The LSP is usually taken to be the
neutral photino. Because the other SUSY particles
must be massive or they would have already been
discovered, the interaction of photinos with matter,
which must involve the creation of a heavy SUSY
particle to conserve fi, is strongly suppressed by an
energy denominator. Hence the photino would ap-
pear weakly interacting like a neutrino, and wouid
escape the detector. The signature for SUSY would
therefore be large £+ which could not be accounted
for by known processes.

There arc two scenarios for the heavy SUSY par-
ticles. Either a.) mj > myg, in which case § — 4g,
§ — g%; or b.) mg > my, in which case § — gq,
§ — 445. Case (a) leads to a more energetic photino,
and hence higher £+ and slightly better mass limits
from a null result. Interpreting the data from Table
5 in this way gives the limits in Table 6 [78]. The
excluded regions on a my; — my plot are shown for
the preliminary CDF data in Fig. 35.

CDF and UA2 [79] have both searched for heavy
W and Z bosons by locking at the high transverse
mass data for W's and the high mass lepton pair
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Figure 35: Squark-gluino mass excluded regions.

Reference {77] excluded masses below the solid lines,
while the kigher luminiosity search excludes masses
below the hatched lines (CDF Preliminary).

data for Z’s. The resuiting limits are summarized in

Table 7, taken from Ref, [78].

6 Summary and Prospects

In an attempt to measure progress, it is interesting to
compare this review to the one performed two years
ago by Shochet [80]. Total cross sections and elastic
scattering were discussed then, but only extrapola-
tions could be made to 1.8 TeV, where we now have
measurements of aror (fp) and 2 at the Tevatron.

The recent high luminosity runs at the SPS and
Tevatron have changed the quality of the data on [V
and Z bosons dramatically. When combined with
the e*e~ measurements on the Z resonance at LEP
and the SLC these data can be compared precisely to
the predictions of the electroweak theory in a man-
ner which could not have been done two vears ago.
The theory passes with flying colors. Even radiative
corrections to the theory can be tested. These cor-
rections, the experimental limits on mrgp, and the
BB mass difference are all consistent with a heavy
top.

There was evidence that hadron colliders could
produce useful samples of b quarks for various stud-
ies. This evidence has been confirmed and strength-
ened, but it is still not known whether hadron col-
liders will be able to furnish data on this subject of
the quality supplied by the ete™ colliders. There is



potential there, but not vet really a proof of princi-
ple.

The top quark was missing twe years ago, and it
stiil is. We now know that the top is a heavy quark,
with a mass comparable to or larger than the W/Z
masses. This results in a very “top heavy” doublet,
since the b quark mass is only 4.5 GeV. A top quark
massive enough to decay into a real W has a very
short lifetime, too short for toponium to exist as
a bound system. The signature for pp — I + X
will be an anomalously large yield of W+W = pairs.
So far no experiment has presented any convinc-
ing evidence of having seen even one W pair. So
the future holds many challenges in this area. If
mrop < 200 GeV/c?, then with some luck it will be
discovered before the S5C/LHC era begins in 1998.

Supersymmetry mass limits continue to push out-
ward too, and searches for other new physics have
not been fruitful either. lere the experimenters
must maintain eternal vigilance. A hadron collider
detector is not especially user friendly when one is
searching for new physics—particulariy if the new
physics has subtle signatures, There is a lot of back-
ground in the data. Nevertheless, there may some-
day be a real excess in the £ data, or a peak in the
dilepton mass above the Z, or something else which
can be experimentally deferded but not explained.
Keep looking!
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